Research has suggested that the activity occurring in a variety of social, economic, and technological systems exhibits long-range fluctuations in time. Pronounced levels of rapidly occurring events are typically observed over short periods of time, followed by long periods of inactivity. Relatively few studies, however, have shed light on the degree to which inhomogeneous temporal processes can be detected at, and emerge from, different levels of analysis. Here we investigate patterns of human activity within an online forum in which communication can be assessed at three intertwined levels: the micro level of the individual users; the meso level of discussion groups and continuous sessions; and the macro level of the whole system. To uncover the relation between different levels, we conduct a number of numerical simulations of a zero-crossing model in which users' behavior is constrained by progressively richer and more realistic rules of social interaction. Results indicate that, when users are solipsistic, their bursty behavior is not sufficient for generating heavy-tailed interevent time distributions at a higher level. However, when users are socially interdependent, the power spectra and interevent time distributions of the simulated and real forums are remarkably similar at all levels of analysis. Social interaction is responsible for the aggregation of multiple bursty activities at the micro level into an emergent bursty activity pattern at a higher level. We discuss the implications of the findings for an emergentist account of burstiness in complex systems.
I. INTRODUCTION
Research has made major strides toward understanding the common organizing principles underlying a number of complex systems across various empirical domains. A widely documented regularity is the nonuniform and bursty nature of human dynamics [1] [2] [3] [4] [5] [6] [7] . Traditional models of human activity predict that actions are performed one after the other at relatively regular intervals of time that follow an exponential distribution [8] . By contrast, recent evidence has shown that the interevent times between consecutive actions are better approximated by slowly decaying heavytailed distributions [1, 6] . This suggests that most actions are not executed independently of each other and randomly over time, but follow inhomogeneous temporal processes [9] . Individuals tend to concentrate the execution of actions within short time frames, and remain relatively inactive during disproportionately long intervals separating peaks of activity. These intermittent dynamics have been found to characterize a profusion of activities including email exchange [1, 6, 10] , mail correspondence [11] , web browsing [12] , e-learning [13] , financial trading and economic transactions [14, 15] , printing requests [16] , search queries [5] , instant messaging and online chatting [17] , online gaming [18] , online rating [19] , and phone communication [20] .
Systems with bursty patterns of activity on a wide range of time scales can display long-range correlated fluctuations in time [2, [21] [22] [23] [24] [25] . Long persistent memory, typically measured by the autocorrelation function, refers to the degree of dependence of events occurring at one point in time on events that occurred at an earlier time [2, 26] . For long-range dependent activity, the autocorrelation function falls off slowly * Author to whom correspondence should be addressed; p.panzarasa@qmul.ac.uk with time and typically obeys a power law, thus indicating that an increase in activity is more likely to be followed by another increase than a decrease, and vice versa. Long memory has been found in a variety of systems and is widely regarded as a source of bursty activity patterns [3] .
Despite the growing interest in inhomogeneous temporal processes, there have been relatively few attempts to examine the degree to which bursts, long-memory processes, and scaling behavior can be detected at, and emerge from, different levels of a complex system. Recently, it has been suggested that the bursty nature of human dynamics arises as a result of queuing processes underlying individuals' decisions as to how to prioritize the execution of multiple tasks [1, 27] . While subsequent work has extended this framework to account for different universality classes of human activity [6] as well as for different frequencies of activity [19] , the focus of investigation has remained primarily on the level of single individuals, rather than on the relation between properties at the lower and higher levels of the system.
Related lines of inquiry have attempted to clarify this interlevel relationship, but largely by looking at systems of noninteracting components [28] . For instance, it has been suggested that the power-law behavior of the visitation pattern of an online news document is rooted in the inhomogeneous nature of individual users' browsing patterns [12] . Similarly, it has been shown that waiting times between subsequent requests to print documents are broadly distributed both at the global level of a networked printing system and at the micro level of users [16] . These studies thus suggest that some broadly distributed property at the macro level of a system can be explained in terms of, and supervenes upon, a broadly distributed property at the micro level of the (noninteracting) components [29] . What is still largely to be investigated is whether supervenience remains adequate, or instead an emergence-based perspective is needed to account for temporal fluctuations of activity in social systems of interacting individuals, groups, or organizations.
As advocated by the emergentist programme [30] [31] [32] [33] , a property at the higher level of a system can be regarded as emergent insofar as it originates from interactions among constituents, and yet it is not reducible to the patterns at the lower level [29, 34] . Interaction is thus the emergence mechanism that "transforms" patterns of the lower-level elements (i.e., the emergence base) into higher-level (emergent) patterns [29] [30] [31] . To cast light on the interlevel relation between bursty patterns in a social system, one thus needs to address two questions. (i) Is bursty behavior of individual elements sufficient to explain bursty behavior at a higher level? (ii) If not, what is the interaction mechanism responsible for transforming lower-level patterns into higher-level ones?
To answer these questions, our analysis draws on a longitudinal data set from an online forum in which users posted messages to a number of groups or threads, each devoted to a discussion topic [35, 36] . Through the reconstruction of the sequence of time-resolved messages, the data set lends itself to the investigation of temporal fluctuations of activity at three intertwined levels: (i) the micro level of individual users; (ii) the meso level of discussion groups; and (iii) the macro level of the whole system. We extend our analysis of the meso level by uncovering sessions of ongoing discussions involving multiple users that belong to multiple groups. We study temporal fluctuations and patterns of activity at the micro, meso, and macro levels of the system and examine the nature of the interlevel relation among these patterns.
We proceed as follows. In Sec. II we describe the data set, and in Sec. III we examine periodicities and long-memory processes. Section IV begins with the analysis of heterogeneity in users' volume of activity and in group popularity and then uncovers the scaling regime of the interevent time distributions at the micro, meso, and macro levels. Section V reports results from numerical simulations of a zero-crossing model in which users' behavior is constrained by progressively richer and more realistic rules [37] , including a popularity-based mechanism of preferential choice (Sec. V A) [38] and the social norm of reciprocity (Sec. V B) [39] [40] [41] . In Sec. VI we discuss the implications of our findings for an emergentist account of burstiness in complex systems.
II. THE DATA
We study an online forum at the University of California, Irvine. Our data set covers a period of 165 days, from the 14th of May to the 26th of October, 2004 [35, 36] . During this period of time, 1314 users registered to communicate in the forum, but only 899 of them posted at least one message. These users created 552 thematic groups, each aimed at the discussion of a specific topic. In total, 33 720 messages were posted. For each message, the information we received included the time at which it was posted and the identification numbers of the sender and the group to which the message was posted.
We created the hourly time series of the activity that took place in the forum. For a given hour, the online activity was measured as the number of messages posted by users during that hour. As shown in Fig. 1(a) , the forum was characterized by high spikes of activity in the initial 5 weeks, a period which was followed by a longer phase of fairly stable activity. In Fig. 1(b) , the transition between these two phases is marked by a vertical line placed at the end of the fifth week (i.e., at the 840th hour since the beginning of the forum). At this point the cumulative time series takes on a quasilinear behavior with a less pronounced growing rate than in the previous phase, thus indicating stability in the number of messages posted. The inset of Fig. 1(b) shows the daily variation in activity, measured as the difference D i between activity x i in day i and activity
. . ,165 and x 0 = 0. Once again, the vertical line at day 35 marks the transition between the two phases. After day 35, in the second phase, differences in daily activity became nearly negligible and stable over time. Moreover, activity became less pronounced, possibly because the academic year ended [36] . Research has shown that online activity tends not to be uniformly distributed during the day and the week [13, 20, 36] . We study changes in users' hourly activity by calculating the average number of messages posted in each hour of the day. Figure 2(a) indicates that the highest volume of activity occurred at midnight. A local maximum in the early afternoon suggests the existence of two daily sessions: one in the afternoon and the other at night. The same analysis performed only for the stability period [ Fig. 16 (a) in the Appendix] shows a third local maximum at 7:00 p.m., thus suggesting an additional daily session that appeared once activity became less volatile.
Figure 2(b) shows weekly patterns of activity and indicates that, on average, the most active days were Wednesday and Thursday. The forum thus appears to be most popular when users were required to stay on campus, during the week, either because it was mainly used for class-related purposes or because class attendance placed a constraint on alternative offline social interactions. As with daily patterns, weekly patterns changed as the forum approached its stability period. Figure 16 (b) in the Appendix shows that, after the first 5 weeks, Monday became the most active day and the volume of activity gradually decreased in the following days until Saturday, after which the trend reversed.
III. PERIODICITIES AND LONG-RANGE CORRELATIONS
One way of measuring the attractiveness of a forum is through the analysis of the regularities with which users visit the forum [5, 10, 20] . To uncover these patterns of behavior, we study the autocorrelation function of the time series of users' activity. To this end, we constructed the time series x n of online activity by using a smoothing window t = 1 min. The activity x n is the total number of messages posted in the nth time window, i.e., in the interval starting at time step n − 1 (excluded) and ending at time step n (included). The autocorrelation function for this time series is given by:
where x is the average activity, n max is the last time window in the series, and σ is the standard deviation of activity. The value of the index τ ranges between zero and n max − 1 and corresponds to the actual time in minutes as t was set at 1 min. Results from the autocorrelation function are shown in Fig. 3 , where vertical lines indicate local maxima of the autocorrelation. Figure 3 shows that users' activities are highly correlated over time for τ = 24 h. This suggests that there were regular groups of users that came back online every day at about the same time to communicate with one another. Figure 3 also shows weaker correlations for τ = 7 days and τ = 12 h (see inset), in agreement with the observed tendency of online activities to concentrate in the afternoon and around midnight [see Fig. 2(a) ].
To detect the periodicity of users' online behavior, we now study the power spectrum P (f ) of the time series of online activity, x n . Figure 4 shows that P (f ) has local maxima at values of τ equal to 12 h, 24 h, and 7 days, thus suggesting that the forum was indeed characterized by daily and weekly cycles of activity [20] . The spectral density also provides hints about the long-memory character of the time series. As shown by Fig. 4 , the detected cycles are superimposed on noise, which decays as a power law 1/f α with an estimated value of the scaling exponent α equal to 0.57 ± 0.03 across all observations (Fig. 4) and equal to 0.49 ± 0.01 for the stability period (Fig. 18 in the Appendix). These values, typically associated with pink or flicker noise [42] , point to the existence of structures at large scales resulting in temporal long-range correlated fluctuations and long-memory behavior [2, 6, [22] [23] [24] [25] .
IV. HETEROGENEITY AND BURSTY ACTIVITY PATTERNS
We uncover sources of heterogeneity in the forum at three levels: (i) the macro level of the whole forum; (ii) the meso level of discussion groups and continuous sessions; and (iii) the micro level of single users. A first source of heterogeneity at the macro level lies in the way all users engage in the forum across all groups. Some users may display a limited interest in the forum, while others may be actively involved in discussions.
To detect such variations, we obtained the distribution P (m) of the total number m of posted messages per user. As shown by Fig. 5(a) , the distribution is characterized by a power-law behavior: P (m) ∼ m −γ , where γ = 0.90 ± 0.03. At the meso level, a further source of heterogeneity can be detected in the extent to which discussion groups differ in terms of popularity. Figure 5 (b) shows the distribution of the messages received by each discussion group during the whole observation period. The curve is noisy owing to the small number of groups (552), but the fat tail of the distribution is clearly visible and indicates that groups strongly varied in popularity. Users were free to create new groups and discussion threads. Most groups attracted limited attention and were quickly forgotten. However, a minority became remarkably popular among users and acted as catalysts for debate and activity.
A. Interevent time distributions
We now examine sources of heterogeneity rooted in single users' behavior and compare them to sources at the macro and meso levels. To this end, we examine users' interevent times, defined as the time gaps between consecutive activities [1, 3, 5, 6, 9, 28] . We measured three types of interevent times. The first is the time between two subsequent messages posted to the forum by any user. This is a global measure characterizing the whole population of users. The second type lies at the meso level and can be defined as the time occurring between two subsequent messages posted by any user to the same group. We measured this interevent time for each group and then aggregated across groups. The third type of interevent time is a local measure and can be defined as the time between two subsequent messages posted to the forum by the same user. As in the previous case, we aggregated across the whole population of users and obtained the interevent time distribution for users. The distributions P (τ ) for the three types of interevent time τ are shown in Fig. 6 (a) in a double logarithmic scale.
A comparative assessment of the distributions for users and the forum can uncover differences in activity patterns at the micro and macro levels [28] . On the one hand, for relatively short interevent times (τ < 25 min), the distributions are very similar. This suggests that, for small values of τ , the macro activity patterns for the forum are rooted in local patterns at the users' level. This correspondence was also found in other studies [12, 16, 27] that explained heterogeneity at the system's level as a property arising as a result of the heterogeneity at the component's level. On the other hand, for relatively large interevent times, the tail of the distribution for the forum decays much faster than the tail of the distribution for users. As users interacted by posting messages, their activities intersected one another, such that at the macro level periods of inactivity of one user were likely to be interrupted by the activity of another user responding to the former. Very long periods of inactivity were therefore more likely to occur at the micro level of single users than at the macro level of the forum.
The interevent time distribution for users exhibits two crossover points and follows three scaling regimes for short, intermediate, and long interevent times [ Fig. 6(b) ]. The values of the crossover points (τ ≈ 25 min and τ ≈ 1,725 min) seem to identify the temporal divides separating intervals of times characterized by distinct usage patterns and dynamics. First, the distribution of short interevent times extending up to about 25 min may reflect how users behaved while they remained online and involved in uninterrupted sessions. Over these short periods of time, users concentrated communication by posting several messages in quick succession, thus creating bursts of activity. Second, the distribution of interevent times longer than 25 min but within the same day is likely to reflect patterns of users' involvement in the forum when online activities were interrupted by other offline ones. Over these intervals, users may have decided to leave the forum once a message was posted. It may therefore have taken a long time before users decided to come back again to the forum and post another message. In this case, bursts of activity were separated by long periods of inactivity. Finally, the probability of intervals of inactivity extending beyond the single day decreases very quickly as their duration increases, thus indicating that most users were likely to post messages on a daily basis. Interestingly, for values of τ at which the interevent time distribution for single users behaves in the same way as the distribution for the forum, the fitted power-law function has an estimated value for the exponent [i.e., 1.53 ± 0.11; see Fig. 6(b) ] that is similar to what was also found in studies of human activity related to the correspondence of Einstein, Darwin, and Freud [6] .
At the meso level, Fig. 6(a) indicates that the power-law character of the interevent time distribution for groups is not an obvious outcome of the power-law character of the distribution for users. This prompts further analysis of the interlevel relation between the two distributions. Before we examine this, we now introduce an additional construct at the meso level: the session of continuous activity involving multiple users from multiple groups.
B. Sessions of continuous activity
The degree to which users engage in ongoing discussions may vary depending on users' availability, the existence of parallel alternative offline activities, or simply their interest in the topics discussed. While the first two factors cannot be controlled for with our data, the third could be inferred from the content of the messages posted. This, however, would require a semantic analysis that is beyond the scope of this work. One possible way to overcome this problem is to assess the extent to which online activity unfolds over periods of uninterrupted communication. The short-term correlations of activity shown in Fig. 3(a) suggest that users prefer "live" discussions concentrated in time to intermittent communication randomly occurring over time. The bursty patterns of the time series of activity [inset in Fig. 1(a) ], the hourly changes in users' activity [ Fig. 2(a) ], as well as the interevent time distribution for users [ Fig. 6(b) ] also seem to point to the existence of uninterrupted sessions. These sessions may originate from correlated activities of multiple users that may belong to multiple groups and yet are engaged in the same discussion [4] . Detecting the existence and length of such periods of uninterrupted activity will help us integrate the analysis of temporal correlations within groups. Like groups, these sessions represent an intermediary layer between the single user and the whole forum and thus refer to the meso level of the system.
Here we define a session as a time period of users' activity that is separated by two periods of inactivity [4] . One obvious problem with this definition is that, based on the same time series of activity, one could obtain a different number of sessions of different length depending on which duration of inactivity is required for a session to be seen as ended and another as just started. For this reason and for robustness check, our analysis is based on periods of inactivity of different length.
We define T break as the minimum cutoff duration of inactivity for a period to be called inactive. For a given T break , we calculated the distribution P (T A ) of the length T A of a session and the distribution P (T I nA ) of the length T I nA of the period of inactivity between two subsequent sessions. We obtained these distributions for the following four values of T break : 1, 5, 15, and 30 min. As shown in Fig. 7(a) , the distributions of session length are heavily tailed, and for T break = 1 min the distribution follows a power law, P (T A ) ∼ T A −η , with η = 2.94 ± 0.03. The scaling behavior of session length is indicative of nonrandom posting of messages. Indeed, if messages were posted randomly, with equal probability p independent of whether other messages had previously been posted, we would obtain a stationary exponential distribution of session length. Moreover, the slope of the tail of the distribution of session length is affected by the value of T break . As this value increases, the slope becomes smaller because shorter sessions are merged into longer ones, and a smaller number of shorter sessions thus coexist with a larger number of longer ones.
The distribution of length of inactivity P (T I nA ) is shown in Fig. 7(b) and for T break = 1 min it is identical to the interevent time distribution for the forum [ Fig. 6(a) ]. Unlike the distribution of session length, the scaling of the distribution of inactivity length is not affected by the value of T break . Because intervals of inactivity shorter than T break are assumed to be part of an ongoing session, they fall outside the domain of the distribution. In addition, the frequency of intervals of inactivity equal to or larger than T break remains unchanged regardless of the value of T break . Thus, given two different values of T break , the corresponding distributions of inactivity length begin to overlap at the larger value of T break [43] .
The fat-tailed character of the distributions in Fig. 7 points to the existence of uninterrupted sessions of heterogeneous length. The observed scaling regime seems to suggest that ongoing discussions were driven by a social norm of reciprocity according to which the probability of posting a message at some point in time depends on whether other messages were previously posted. Sociologists have long referred to reciprocity as a "pattern of mutually contingent exchange of gratifications" [39] and, more generally, as the "scheme of giving and returning the equivalence" [41, p. 387] . Network studies have subsequently extended and formalized reciprocity as the frequency of occurrence in directed networks of loops of length two, namely of pairs of nodes connected through directed links in both directions [40, 44] . In the case of online communication, reciprocity can be recast in terms of the tendency of users who have received messages from others to send messages back to them with a higher likelihood than randomly expected. This would imply that the activity of user i depends on the recent activity of user j and would therefore lead to temporal correlations between activities. To test whether communication was driven by reciprocity, we thus study how users' behavior varied as a result of the number of messages posted by other users participating in the forum.
To this end, for any two consecutive time windows, T Figure 8 shows the results for W = 1 h and W = 24 h. Figure 8 indicates that users' activities were indeed affected by their friends' previous activities. More specifically, the number of messages posted by users shows a nonlinear increase as the number of messages posted by the users' friends also increases. This provides empirical support for the conjecture that correlations between users' activities are (partly) driven by reciprocity. These findings, in conjunction with the heterogeneity found in group popularity, seem therefore to suggest that users' decisions as to where and when to post are governed by nontrivial mechanisms that, in turn, may reflect the way users interacted with one another. For the purpose of our study, identifying the interaction rules that underpinned users' behavior is crucial precisely because it helps uncover the very nature of the relation between activity patterns at different levels of the system.
V. ZERO-CROSSING MODEL
To study the interlevel relation between activity patterns, here we use and extend a zero-crossing generative model that has recently been introduced to investigate the observed behavior in the blogosphere [37] . Our primary interest in this particular model originates from its ability to reproduce the temporal characteristics of blog discussions, especially the power-law behavior of the distributions of interposting times and the bursty patterns of users' activity [37] . Correspondingly, here we focus on the power spectra and interevent time distributions generated by the model at the micro, meso, and macro levels of a simulated forum and compare these findings with what was actually observed at the same levels of the real forum. In the zero-crossing model, users are represented as independent random walkers on a line. At each time step, each user i moves by ±1 with equal probability (p i = 0.5) and, when it crosses the zero line, it posts a message to the forum. Figure 9 (a) shows a typical evolution of the position of a user along a time line.
The user's distance from the zero line can be seen as denoting the user's propensity to engage in the forum or, alternatively, how far away the user is from a computer or mobile device. The idea underpinning the zero-crossing model is that random events and offline activities may induce the user to remain inactive for relatively long time intervals. Formally, the interval between two subsequent time steps at which the zero line is crossed corresponds to the return time of a random walk on the set of integer numbers Z [45] [46] [47] [48] . Random walks have been incorporated into models of decision-making in uncertain environments [49] and models that describe the social dynamics of face-to-face interaction [50] . The distribution of return times for a single walker can be analytically computed [51] and is characterized by a power-law behavior, thus indicating bursty activity patterns.
We numerically simulated the same number of users (899) as in the original forum for 10 8 discrete time steps, each corresponding to 1 min. Figure 9(b) shows the power spectrum of the time series of users' activity generated by the zero-crossing model. For low frequencies, the power spectrum follows a power law with exponent α = 0.57 ± 0.01, which is very close to the one obtained for the original forum.
Using the data produced by the zero-crossing model, we obtained the interevent time distributions P (τ ) for the whole forum [ Fig. 10(a) ] and for individual users [ Fig. 10(b) ], and we then compared these distributions with the ones found in the real forum. Two observations are in order. First, at the macro level, as the number of discrete time steps in the simulation increases, the real and simulated distributions tend to overlap and exhibit a similar scaling regime, which suggests that at this level the zero-crossing model provides a good approximation of what is observed in reality [52] . Second, at the micro level, for short time intervals the interevent time distribution for users obtained with the model [Fig. 10(b) ] is consistent with the original distribution for the real users. As intervals become longer, the two distributions begin to deviate as a result of the change in the scaling regime found in the original distribution [ Fig. 6(b) ]. Moreover, it can be proved analytically that the expected interevent time distribution for a single independent walker is a power law with a value for the exponent equal to 1.5 [51] :
This value is consistent with the scaling exponent obtained with the zero-crossing model [ Fig. 10(b) ] and with the scaling regime observed for the distribution of short interevent times at the real users' micro level [ Fig. 6(b) ].
A. Popularity-based preferential choice
To study the meso level, we now extend the basic zerocrossing model by introducing a mechanism underpinning users' selection of groups. Users' choice is here modeled according to the following procedure. Each user chooses a discussion group with probability p random uniformly at random, and with probability 1 − p random based on the relative popularity the group has across all other groups available in the forum. Thus, depending on the value of p random , the user's choice can be seen as governed by varying degrees of randomness and responsiveness to others' activity. We can identify two limiting cases.
On the one hand, as p random approaches one, the user's choice is assumed to be made entirely at random. In this case, the user can be seen as solipsistic and insulated from the way other users communicate. Messages are posted to groups regardless of which groups seem most popular in attracting other users' attention. We performed numerical simulations using the same number of groups (552) as in the original forum, and in Fig. 11 we compare the results from the simulation with the original interevent time distribution for groups. As shown in Fig. 11 , when p random = 1 the model generates an interevent time distribution for groups that is characterized by an exponential tail. This result stands in sharp contrast with what was obtained for the real forum, where the distribution for groups was found to approximate a power-law function, thus suggesting that activity within groups was characterized by bursty behavior.
On the other hand, as p random approaches zero, we obtain the second limiting case in which users choose groups in an entirely nonrandom fashion. More specifically, users tend to preferentially select groups that have already been chosen by others. To capture the idea that group popularity is attractive, we introduce a popularity-based mechanism for preferential choice according to which the probability p i (g,t) that user i, For p random = 1, the distribution is characterized by an exponential tail which is not consistent with the power-law behavior observed in the real forum (red circles). A good agreement between the interevent time distributions of the simulated and the real forums is obtained when only a small degree of randomness is introduced into the model, i.e., in the case of p random = 0.1 (solid line). In the limiting case of p random = 0, users' choice is based entirely on group popularity and the interevent time distribution, despite having a power-law behavior, shows a slope that significantly differs from the slope of the distribution observed in the real forum. Distributions are logarithmically binned. whose position is on the zero line at time t, posts a message to group g is assumed to be proportional to the number of messages posted to group g by all users prior to t:
where m(g,t ) is the number of messages posted to group g by all users at t , and M(t ) is the total number of messages posted to the forum at t . At time t, each user can observe the groups in which other users communicated up to t − 1 and, based on this piece of information, is assumed to preferentially select the group that attracted most users' attention. As shown in Fig. 11 , results from numerical simulations indicate that, in the case of p random = 0, the interevent time distribution for groups takes on a power-law behavior. This behavior is consistent with what was observed in the real forum, but the scaling exponents of the distributions for the real and simulated forums at the meso level are different. Of course, the real world is likely to lie somewhere between the two limiting cases. Thus, rather than assume that users' choice is either entirely random or entirely preferential, it is instructive to examine cases in which users select groups partly at random and partly based on the relative popularity groups have gained over time. To capture this, we explore the intermediate regime between the two limiting cases by varying the value of p random between zero and one. Figure 11 shows that as soon as a small degree of randomness is introduced the interevent time distribution for the simulated groups moves toward the distribution for the real groups. In particular, when p random has a value of 0.1, the model generates a distribution that is remarkably similar to the one for the real groups. As p random further increases, the distribution soon begins to take on an exponential tail. For instance, when p random is set at 0.2, the distribution has already changed to almost overlap the one found in the case of p random = 1. Thus, while preferential choice transforms the exponential tail of the distribution into a power-law one, the combination of preferential choice with a suitably small degree of randomness contributes toward the adjustment of the power-law exponent until the distributions for the real and simulated cases overlap.
The comparison between distributions for real and simulated forums provides evidence in favor of the hypothesis that group popularity is attractive to users. Notice that, while preferential choice governs the evolution of the meso level of the system, it does not affect the shape of the interevent time distributions for individual users and for the whole forum. As this principle only governs the selection of groups, but not the time at which users cross the zero line, the distributions at both the micro and macro levels remain unchanged. Moreover, what underlies the rationale of preferential choice is the idea that users are not solipsistic actors that behave regardless of others' behavior. Rather, users' decisions as to where to post depend on where others have previously posted and, in turn, will affect other users' subsequent decisions.
From this perspective, our findings have important implications for the very nature of burstiness detected at the various levels of the forum. Without interaction, when users are solipsistic and choose simply at random, a power-law interevent time distribution was found at the level of the whole forum [ Fig. 10(a) ], but not at the level of groups, even when single users' behavior follows a bursty regime. This indicates that meso-level burstiness, unlike the macro-level one, does not simply supervene upon bursty behavior at the micro level. Besides, the meso level is precisely the locus at which social interaction occurs: it is within groups, rather than at the general level of the forum, that users communicate with one another. Random choice without interaction is thus sufficient for reproducing the macro level, but fails to generate the patterns at the meso level. By contrast, when users are enabled to interact and affect one another's choice, bursty patterns of activity at the micro level are "used up" and brought forward to the meso level of groups in which interaction occurs. It is precisely in virtue of this interaction-based interlevel relation that burstiness can be regarded as an emergent property [29] [30] [31] .
B. The social norm of reciprocity
Users may be socially dependent on one another in terms of both the locus and the timing of communication [39, 40] . For instance, when users reply to messages, they reciprocate each other's behavior in such a way that they not only choose to post to popular groups, but also decide to post if others have posted before. The idea that users reciprocate each other's behavior betrays some form of social interdependence leading toward temporal correlations of activities. So far, however, the zero-crossing model did not incorporate any mechanism of reciprocity as users were free to post at any point in time, regardless of whether others had posted messages soliciting a response. This can be detected in a twofold way.
First, Fig. 12(a) reproduces for the simulated forum the analysis of correlation between users' activities that was carried out for the real forum (Fig. 8) . Similarly, for any two consecutive time windows, T Second, if users reciprocate each other's behavior by responding to messages, their activities become temporally correlated and gradually combine into prolonged sessions of continuous discussion [4] . This is precisely what was found at the meso level of the system, where the distributions of session length are indeed broad and exhibit a distinctive power-law signature (Fig. 7) . This heterogeneity in session length, however, does not appear to occur in the simulated forum produced by the model. As shown in Fig. 12(b) , the distribution of the length of sessions for T break = 1 min is exponential, with a fast decaying tail. Thus, in the real forum discussions may contribute to sessions with a duration that is much longer than the average, but in the simulated system the average duration of a session is very close to the maximum value of the distribution. When users' activities are not constrained to be correlated over time, the model therefore fails to reproduce the large fluctuations in session length that were found in the real forum.
To remedy this shortcoming, we extend the model by adding a reciprocity mechanism that increases the probability that a user will come back to the forum if the user's friends (i.e., others that share groups with the user) were recently active. To this end, we modify user i's probability of moving up and down with respect to the zero line at time t in such a way that it now depends on the number of messages posted by user i's friends at time t − 1. Formally, user i's probability of moving up (or, alternatively, of moving toward the zero line) is: where m i (t − 1) is the number of messages posted at time t − 1 by user i's friends to all groups to which user i belongs and M i (t − 1) max is the maximum value of m i since inception of the simulated forum and up to t − 1. In this way, friends' activities are normalized individually for each user. The initial value of M i (t − 1) max is set at one to prevent m i (t − 1) from being divided by zero and to ensure it does not affect the results of the simulations. The parameter α weighs the effects of reciprocity on users' position with respect to the zero line and can range from 0 to 0.5. In our simulations, we set α = 0.01 because for higher values the model would quickly converge to a stage at which all users constantly post messages. Once reciprocity is introduced, it thus affects users' probability of moving toward the zero line: regardless of the position a user occupies with respect to the zero line, the more friends the user has that crossed the line at time step t − 1, the more likely it is that at t the user will move one step back toward the zero line. Figure 13 shows the interevent time distribution produced by the model constrained simultaneously by preferential choice [Eq. (3); p random = 0.10] and reciprocity [Eq. (4)]. As it affects users' probability of crossing the zero line, reciprocity increases the frequency of messages posted, and the resulting global interevent distribution decreases faster than the one in Fig. 10 . Figure 14 compares the interevent time distributions of the real forum with the distributions produced by the model at the meso and micro levels. At the meso level, Fig. 14(a) indicates that, except for very large values of τ , the interevent time distributions for groups in the real forum and in the simulated forum with reciprocity remain in fairly good agreement. Reciprocity alone, without preferential choice, would not reproduce the correlations observed in the real groups because users, despite their inclination to reciprocate their friends' activities, would select groups randomly (Fig. 11) . At the micro level, Fig. 14(b) shows that the impact of reciprocity on the distribution for users is mostly undetectable: as in its basic form (Fig. 10) , the model constrained by preferential choice and reciprocity replicates only one of the three scaling regimes (i.e., for small values of τ ) showed by the distribution for users in the real forum.
The introduction of reciprocity was motivated mainly by the need of modeling social interdependencies among users and inducing temporal correlations among activities. To test whether reciprocity does indeed serve this purpose, Fig. 15 reports two sets of findings obtained from numerical simulations of the zero-crossing model constrained by reciprocity. One set [ Fig. 15(a) ] refers to the relation between users' current activity and their friends' previous activity. The other [ Fig. 15(b) ] refers to the power-law character of the distribution of session length.
As usual, for any two consecutive time windows, T Figure 15 (a) indicates that reciprocity creates correlations between activities by inducing users to react to their friends' behavior. As some users begin to communicate, others soon respond by posting messages. Figure 15 (b) shows further evidence of temporal correlations among users' activities: the heavy-tailed distribution P (T A ) of session length. Reciprocity affects the shape of the distribution which has now become a power law, like the original one obtained for the real forum with T break = 1 min. Thus, when reciprocity shapes users' decisions, messages correlate with one another and combine into emergent sessions of highly heterogeneous duration. More generally, a small value (i.e., 0.01) of the tuning parameter α in Eq. (4) can produce a variation in users' behavior that is sufficiently small not to induce noticeable variations at the micro level, yet at the same time sufficiently large to have a meaningful implication at the meso level. On the one hand, the interevent time distribution for users does not change substantially depending on whether they react to one another's behavior. On the other, even a small degree of interdependence among users' decisions has a non-negligible effect on higher-order properties at the meso level.
Overall, these findings indicate that reciprocity enables the model to replicate the real system very closely at higher levels. At the meso level of continuous sessions, once constrained by reciprocity the model generates the temporal correlations observed in the real system (Fig. 15) , unlike what was produced without reciprocity (Fig. 12) . As reciprocity stems from interdependencies among interacting users, we obtained further evidence in support of the role of social interaction in transforming micro behavioral patterns into higher-level emergent ones.
VI. DISCUSSION AND CONCLUSIONS
Online discussions require coordination among individuals. Not all forms of coordination are planned and orchestrated by forward-looking decision-makers or by some central actor entrusted with a coordinating task [53] . Coordination can be the emergent, unintended outcome of a self-organizing process prompted by the interaction among interdependent and locally bounded individuals. How a collective property emerges at the macro level of a social system from individual behavior, localized social structures, and micro rules of social interaction has long been the subject of a controversial debate in the social sciences [53] . This paper engaged with this debate by providing evidence and an explanatory account of the emergence of temporal correlations and bursty patterns of communication in a forum of interacting users [35, 36] .
Users quickly adopted a social norm to regulate the timing of their online gatherings: The forum was characterized by daily and weekly cycles of activity, and communication exhibited long-range correlations over time, unfolding as a process with long memory. To detect bursty behavior at different levels, we examined the interevent time distributions for single users, discussion groups, continuous sessions, and the whole forum. At all levels, we found that users posted messages in rapid succession one after the other, within short time intervals, and remained inactive for disproportionately long periods of time. To uncover the relation between activity patterns at different levels [12, 16] , we introduced a zerocrossing model reproducing how messages were posted.
In a system of interacting parts, for a property to be defined as emergent, it must not be reducible to, nor explicitly definable in terms of, the nonrelational properties of the parts [33] . This means that, in a social system, lower-order bursty behavior is the ingredient of higher-order bursty behavior; yet the former is not the reason why the latter emerges, as the supervenience argument would instead suggest [29, 30] . It is social interaction among interdependent elements that is responsible for the transformation of bursty behavior at the micro level into emergent bursty behavior at a higher level.
Our findings clarified this role of social interaction as the generative emergence mechanism. First, to obtain bursty behavior at the meso level of groups, a preferential choice mechanism was needed to govern the way in which users choose where to post messages. A shift from randomly made choice to popularity-based preferential choice reflects a corresponding shift from solipsistic users that behave regardless of others' behavior to socially capable users embedded in a network of social interdependencies. Second, when the zero-crossing model was further constrained by reciprocity, the distribution of session length for the simulated forum exhibited the distinctive power-law signature that was found in the real forum. These findings suggest that bursty individual behavior at the micro level is in itself insufficient to induce bursty collective behavior at a higher level. It is only when users are allowed to interact that their activities become correlated over time. Combined, preferential choice and reciprocity are the emergence mechanism that, by driving social interaction, transforms properties at the user's level into novel emergent properties at a higher level.
Our emergentist account of burstiness has a number of theoretical and practical implications. Theoretically, it implies that bursty behavior at the system's level can trigger processes of "downward causation" capable of affecting the system's elements [33, 34] . Having a causal influence irreducible to that of individual elements means that, like a cultural phenomenon, the system's behavior bears its influence directly, rather than via the causal power of the components' behavior. This is in agreement, for instance, with a number of studies that have documented the effects of bursty activity patterns on spreading processes such as information diffusion [54] and epidemic dynamics [55] . In practice, the emergent nature of burstiness would also imply that to remedy the problems (e.g., communication congestion) or amplify the benefits (e.g., communication speed) related to bursty behavior at the system's level, it would be insufficient to devise measures targeted at the behavior of single elements (e.g., spammers or heavy users). Effective measures should instead be targeted simultaneously at the emergence base (i.e., the constituents) and the emergence mechanism (i.e., the interaction rules) in such a way that the necessary chain of reactions can be triggered and the expected higher-level transformations induced.
Our study is not without its limitations. One is concerned with the formalization of users that, on average, post the same number of messages in the long run. A zero-crossing model that takes heterogeneity in posting into account would certainly reconcile the micro levels of the real and simulated forums even further. Our current model, however, suggests that users' heterogeneity in posted messages, unlike heterogeneity in interposting intervals, does not play any fundamental role in the emergence of collective bursty behavior. Another limitation concerns the notion of continuous session [4] . A cognitively informed definition of sessions, based on semantic distances between messages, would be needed to capture the involvement of multiple users in discussions that are semantically focused on the same topic. This would enable us to investigate the possibility that cognition, and not only the posting of messages, is organized into structures correlated at different length scales.
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APPENDIX
The patterns detected in the entire period (Fig. 2) were largely dominated by those in the initial 5 weeks, in which most activity took place. Indeed, usage patterns in the first 5 weeks are almost identical to those for the whole period. Figure 16 shows the daily and weekly patterns of activity in the stability period. As usual, we detected cycles of activities by calculating the autocorrelation function and the power spectrum. To this end, we recorded users' activities by using a smoothing window t = 1 min. Figure 17(a) indicates that, like the whole observation period, the stability period was clearly characterized by 24-h correlations of activity. Figure 17 (b) also indicates that, for short time lags τ , the autocorrelation function can be well approximated by the power law C τ ∼ τ −β , with β = 0.56 ± 0.01, thus signaling the existence of long-memory processes [56] .
In addition to a periodicity of 24 h, cycles of 12 h and 7 days become detectable from the power spectrum of the time series of the stability period. As Fig. 18 shows, the power spectrum of the stability period has indeed local maxima at values of τ equal to 12 h, 24 h, and 7 days. Once emerged in the initial period, daily and weekly cycles continued to characterize users' behavior in subsequent weeks.
